The permeability and deformation characteristics of Tianjin clays under coupled dynamic stress and seepage fields is a major concern in the geotechnical engineering field. In this study, a group of samples were tested in the laboratory using cyclic triaxial tests considering different parameters, including the number of cycles, cyclic stress ratio (CSR) and back pressures. The frequency of cyclic loading was kept constant at 1 Hz. The laboratory results show that the hydraulic conductivity is correlated with the void ratio by a unique curve under the same value of the CSR. The void ratio decreases with an increase in the number of cycles, which in turn decreases the hydraulic conductivity. In addition, an empirical equation for the degradation index is investigated. The hysteretic curves of the soil are also analysed to evaluate the size of the energy accumulative consumption and dynamic deformation characteristics. The results of this study illustrate that the deformation of Tianjin clays subjected to cyclic loading and seepage permeability should be determined in engineering practice.
INTRODUCTION
Soils in coastal areas are periodically subjected to cyclic shear stresses and groundwater level variations in situ for long periods of time due to, for instance, wave loads for offshore structures, traffic loads, and machine vibrations (Cai et al. 2008; Mohanty and Ranjan. 2014; Chen et al. 2015; Lei et al. 2016) . Developing a method to reasonably predict the permeability and deformation characteristics of soil under coupled dynamic stress and seepage fields is critical for geotechnical engineering surveys and civil engineering design.
Many experimental studies have been conducted over the past few decades to investigate the dynamic deformation and deformation mechanism of soils under cyclic loading while considering many factors, such as the waveform, number of cycles, vibration frequency, cyclic stress ratio (CSR) and confining pressure (Wang et al. 2013; Tang et al. 2016; Vitel et al. 2016) . In addition to the deformation behaviour of clays under dynamic loading, many studies have investigated the permeability of such clays (Sun et al. 2012; Du et al. 2017) .
However, there is still no consensus regarding the experimental research on the permeability and dynamic deformation of soft clay under the coupled dynamic stress and seepage fields. There is also a lack of systematic data regarding the permeability and deformation characteristics of Tianjin clays under the coupled dynamic stress and seepage fields. Consequently, the test results presented in this paper contribute to the body of knowledge on the dynamic behaviours of Tianjin clays under the stress-fluid field. Research on the dynamic properties of clays soil under cyclic loading and high water pressure must be performed to guarantee the safety and normal use of civil engineering structures.
In this work, clay samples, which are designated as TJ clay, are collected from depth of 8-15 m below the ground surface at a construction site located within the core functional area of the Tianjin Binhai New Area. The first objective of this study is to investigate the effects of the CSR, back pressure and number of cycles on the permeability of TJ clays subjected to cyclic loading and high water pressure. With respect to the permeability of TJ clays, the evolution law of the hydraulic conductivity of TJ clays subjected to dynamic loading is studied, and the results reveal that the hydraulic conductivity is related to the void ratio and cyclic strain. The second objective of this study is to investigate the dynamic deformation of TJ clays under different back pressures and CSRs. The effect of the CSR on the shear modulus and degradation index as well as the characteristics of the hysteretic curves of TJ clays subjected to coupled dynamic stress and seepage fields are also analysed to explain the extent of energy accumulative consumption and dynamic deformation characteristics. Hence, determining the extent of these effects and their trends are important for evaluating the permeability and dynamic deformation properties of TJ clays under coupled dynamic stress and seepage fields. The test results can also serve as a reference for future research on the dynamic response of soft clays.
LABORATORY STUDY 2.1 Test Soil Samples
According to a local code "Specification of soil test" (SL237-1-1999) (the Ministry of Water Resources of the People's Republic of China, 1999) , the basic physical indexes of the soil samples are obtained by laboratory soil testing. The samples used in the study have a water content ranging from 50% to 62.5% and liquid and plastic limits ranging from 51.7% to 70.15% and from 25.3% to 27.4%, respectively. The liquid limit is measured using the Cassagrande method, and the plastic limit is determined using the thread-rolling method. The void ratio and the initial density of the soil samples range from approximately 1.21 to 1.355 and from 1.61 to 1.79 g/cm 3 .
Test Apparatus and Procedures
A cyclic triaxial testing apparatus made by British Geotechnical Digital Systems (GDS) Instruments, Ltd., Unit 32 Murrell Green Business Park, London, United Kingdom was used to simulate the deformation behaviours of soil under repeated loading.
A research programme regarding the permeability and deformation behaviours of TJ clays in China under the coupled dynamic stress and seepage fields is currently being performed at the Geotechnical Laboratory of Tianjin University. An effective confining stress of 100 kPa was applied, and back pressures of 20, 50, 100, and 150 kPa were selected to simulate the seepage characteristics of soft clay. Combined with engineering practices, the CSRs were 0.1, 0.2 and 0.3. A vibration frequency of 1 Hz was selected, sinusoidal waves were used and the numbers of cycles was selected to be 500, 2,000, and 6,000, which could simulate traffic loading and wave cyclic loading. The pore pressure valve was kept open throughout the loading process.
The CSR is defined as follows:
where d  is the dynamic deviator stress and '  is the effective confining pressure.
TEST RESULTS
A total of 36 samples were prepared for the test, and a series of cyclic triaxial tests were conducted according to the test plan. Some interesting phenomena were observed in terms of the permeability and deformation of TJ clays. For example, the relationship between the hydraulic conductivity, void ratio and cyclic strain was determined. The CSR had a considerable effect on the shear modulus and degradation. Hysteretic curves reflected the magnitude of the energy accumulative consumption. All of these findings are described in detail below as part of the investigation of the mechanisms of the permeability and deformation of TJ clays subjected to coupled dynamic stress and seepage fields.
Permeability
In 1856, Darcy published the following simple equation for the discharge velocity of water though saturated soils:
where v is discharge velocity, which is the quantity of water flowing through a unit gross cross-sectional area of soil per unit time at right angles to the direction of flow, k is the hydraulic conductivity, and i is the hydraulic gradient.
This equation is valid for laminar flow conditions and is applicable for a wide range of soils. Whether the equation is valid for evaluating the permeability of soft clay under dynamic loading remains unclear. Dynamic permeability tests were conducted by triaxial testing to determine the mechanism of dynamic permeability. FIG. 1 presents the permeability of soft clay results under dynamic conditions. The three sets of data are compared to evaluate the effects of dynamic loading on the hydraulic conductivity. Unexpectedly, water seepage in soft clay is not consistent with Darcy's law under dynamic loading. The CSR is 0.1, and the amplitude of the dynamic stress is 20 kPa. A critical initial hydraulic gradient existed in soft clay and was found to be approximately 148 kPa. When the hydraulic gradient exceeded the critical initial hydraulic gradient of 148 kPa, the seepage of soft clay was consistent with Darcy's law, where it exhibited properties similar to that of clay under static loading. The main reason for this behaviour is that the skeleton in the structural soil can bear a certain loading, but the soil skeleton was adjusted under the action of dynamic stress, causing the seepage channel to become narrower and the critical initial seepage gradient to increase. In contrast, when the dynamic stress ratio was 0.2 and 0.3, the seepage of soft clay exhibited no critical initial hydraulic gradient, which is not consistent with Darcy's law. The hydraulic conductivity (the slope of the curve) initially increases and then relaxes, finally levelling off. This trend occurs because the soil skeleton is not sufficiently strong to bear 40 and 60 kPa of dynamic stress, and the soil has more cracks at the initial stage of dynamic loading, which leads to a higher hydraulic gradient than that of the soil subjected to static loading and a CSR of 0.1. The hydraulic conductivity tends to be stable because of the broken soil skeleton and obstruction of the infiltration channel. A threshold value of hydraulic conductivity might exist with different CSRs. The permeability of porous media subjected to cyclic loading changes due to the re-arrangement of the matrix particles. The hydraulic conductivity is no longer a constant in the fluid-solid coupling analysis. The permeability of soft clay depends on the viscosity of the fluid, pore size distribution, particle size distribution, void ratio, roughness of the solid particles, and degree of saturation.
In terms of soft clay deformation, the void ratio has an important effect on permeability of soft clay. FIG. 3 shows that the void ratio and hydraulic conductivity both decrease with increases in the CSR. Because of the anisotropy of the initial void ratio and hydraulic conductivity, the void ratio and hydraulic conductivity are normalized in this work, denoted as e/e 0 and k/k 0 , respectively. The relationship between the void ratio and hydraulic conductivity is approximately consistent with the exponential equation and can be expressed as follows:
where parameters A and B are test constants, x is e/e 0 , and y is k/k 0 .
The empirical equations for the hydraulic conductivity and void ratio with different CSRs are summarized in Table 1 . 
Dynamic Deformation Characteristics
The deformation of soft clay under cyclic loading consists of elastic deformation and plastic deformation. The plastic deformation is also called residual deformation, which refers to the deformation value remaining in the soil after removing the dynamic loading. The residual deformation is the deformation that cannot be recovered after dismounting the dynamic loadings. With an increase in the number of cycles and the back pressure, the elastic deformation and accumulated plastic deformation increase, whereas the growth rate declines. And, this paper emphasised on the effects of shear modulus and hysteresis curve on the dynamic deformation of TJ clays. Number of Cycles. Lei et al. (2016) proposed that the shear modulus is significant in evaluating the dynamic deformation property and that the shear modulus depends on the dynamic deformation property . FIG.4 shows the shear modulus degradation curve when the back pressure is 150 kPa. The shear modulus always decreases with an increase in the number of cycles for a given CSR. The shear modulus under a high CSR is lower than that under a low CSR. When the number of cycles exceeds 200, the initial shear modulus presents a decreasing trend and the rate of the decrease is accelerated. For 2,000 cycles, the shear modulus is 6.34 MPa when the CSR is 0.1. Similarly, the shear modulus is 3.1 and 0.31 MPa when the CSR is 0.2 and 0.3, respectively. Idriss et al. (1978) proposed the degradation index,  , which can describe the degree of shear modulus degradation. The degradation index can be divided into the controlling effect of strain and stress. Because the controlling effect of stress is used to analyse the small strain, the shear modulus develops in the elastic stage. The controlling effect of strain is studied in this work, and the degradation index can be defined as follows: 
where the N is the number of cycles and c and d are the degradation parameters, which are related to the CSR, as shown in Table 3 . A regression analysis indicated that the empirical equation of the degradation index is not applicable for a CSR of 0.3. The hysteretic curve provides a basis for evaluating the dynamic deformation characteristics of soft clay under the coupling of the dynamic stress field and seepage field. A back pressure of 150 kPa is selected in this work to explore the law of the soft clay's hysteresis curve under high osmotic pressure.
With an increase in the number of cycles, the centre of the hysteresis curve gradually moves along the x-axis, and the cumulative plastic deformation of the soil increases under cyclic loading, as shown in FIG.6. The centre of the adjacent hysteretic curve decreases gradually, which reveals that the deformation rate of the soil becomes larger with an increase in the number of cycles during the initial stage of loading. The hysteretic curve gradually becomes denser as the damage degree of the soil and deformation are gradually reduced. A comparison of FIGs.6 (a), (b), and (c) illustrates that when number of cycles is 500, the hysteresis loop will move along the x-axis rapidly with an increase in the CSR. This result reveals that thinner hysteresis loops will lead to greater cumulative energy consumption, largely because the soil can be cause more deformation. When number of cycles is 2,000, the hysteresis loop will move along the x-axis slowly with an increase in the CSR. When the CSR is 0.3, the hysteresis loop is the thinnest and shows a greater degree of aggregation than that observed with CSRs of 0.1 and 0.2.
CONCLUSIONS
This study investigated the permeability and deformation characteristics of TJ clays under coupled dynamic stress and seepage fields using cyclic triaxial tests. The following conclusions can be drawn:
(1) There is no critical initial hydraulic gradient for CSRs of 0.2 and 0.3 under dynamic loading and the seepage of TJ clays during dynamic loading is not consistent with Darcy's law.
(2) The hydraulic conductivity is reduced with an increase in the number of cycles and CSR. The relationship between the hydraulic conductivity and number of cycles can be divided into an early stage and reduced stage, and the relationship between hydraulic conductivity and void ratio is consistent with 
